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RESEARCH MEMQElAtroUM 

ANALYSIS OP PACTOES AFFECTING SEIECTION AND RESIGN OP AIR-COOIED 
SINGLE-STAGE TURBINES FOR TURBOJET ENGINES 
I - TURBINE REBPOEMANCE AND ENGINE WEIGHT-FLOW CAPACITY 
By Richard J. Rosshach, Wilson B. Schramm. j and James E. Huhhartt 


SUMMARY 

An analysis was made to determine the compressor pressure ratios and 
specific weight flows ohtainahle with single-stage air-cooled turbines 
for both nonafterburning and afterburning turbojet engines operating at 
a flight Mach number of 2 in the stratosphere. Wide ranges in -turbine- 
inlet temperature, tip speed, hub-tip radius ratio, and coolant-flow 
ratio were considered. In the interest of exploring outer limits as well 
as minimizing cooling requirements, the turbines were designed for the 
maximum feasible specific work throu^ the use of hi^ turbine aerody- 
namic limits and high turbine-exit whirl. Other components were com-e- 
spondlngly considered to operate with high aerodynamic limits comensurate 
with the assigned efficiencies. 

The results of this analysis show that the increases in compressor 
pressure ratio obtainable with a single-stage air-cooled turbine are 
quite large, if the turbine tip speed, hub-tip radius ratio, inlet 
temperature, and exit whirl are increased. Increases in the compres- 
sor pressure ratio are generally reflected in increases in the gas 
density and, therefore, the weight-flow capacity per unit of flow area 
of each engine con^ionent downstream of the compressor. For the after- 
burning engines with the afterb-umer- inlet velocity employed, the engine 
weight-flow capacity is limited by the afterburner for essentially all 
conditions considered. In this case, if higher afterburner limits are 
permissible, large increases in engine weight flow are possible. For the 
nonafterbuming engine, in general, either the combustor or the turbine 
limits the engine weight-flow capacity. At low turbine hub-tip radius 
ratios corresponding to low conrpressor pressure ratios and hi gh turbine 
flow areas, the combustor limits the engine weight-flow capacity for the 
combustor velocities employed. For these low hub-tip radius ratios, 
slight increases in the engine weight flow ar^ possible if higher com- 
bustor velocities are permissible. As the tTjrbine hub-tip radius ratio 
increases , the weight-flow capacity of the combustor Increases directly 
with the compressor pressure ratio. The changes in turbine weight-flow 
capacity with turbine hub -tip radius ratio depend upon the t'urbine blade 
root stresses and the turbine- inlet temperature. However, as the turbine 
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hub-tip radluB ratio is increased, the weight-flov capacity of the com- 
bustor relative to that of the turbine Increases so that at high turbine 
hub-tip radius ratios the turbine limits the. nonafterburning engine 
weight-flow capacity. For hi^^turbiner inlet temperatures, the turbine 
wei^t-flow capacity can be increased as the turbine hub-tip radltis ratio 
is increased without increasing the blade root stresses, since the gas 
density at the turbine increases faster than the flow area decreases . 

For low turbine-inlet temperatures, the converse is true; and, hence, 
the turbine blade root stresses must be in’creased in order to increase 
the turbine wei^t-flow capacity. Kius, high turbine -inlet tempera- 
tures, which are desired for obtaining the best combination of specific 
thrust and specific fuel consumption at. hi^ fli^t speeds, are desirable 
for attaining high compressor pressure ratios and high weight flows per 
unit of frontal area with single-stage turbines. 


iN'maDUca?iON 

As contemplated fli^t conditions become progressively more severe, 
as research and development produce engi.ue components of successively 
higher performance, and as new analytical techniques continue to be 
evolved, new turbojet-engine performance analyses are required. The ob- 
jective of the present report is to obtain values of compressor pressure 
ratio and compressor corrected weight flow per unit of turbine frontal 
area (hereafter referred to as "turbine-limited specific wel^t flow") 
in a turbojet engine having a single-stage air-cooled turbine with high 
aerodynamic limits. As in. all analytical studies of this type, the ul- 
timate goal is the choice of basic engine design specifications for a 
particular mission and application that result in high thrust per unit 
engine frontal area and low specific fuel constmiptlon with acceptable 
engine specific wei^t. The possibilities of improving component con- 
figurations for a particular engine application are increased as freedom 
in the selection of realistic engine design specifications is extended. 

In this respect, turbine cooling provides an important contribution to 
design freedom, since it permits independent choice of blade stresses and 
gas temperatures. 

Several analyses of the performance of turbojet engines over ranges 
of engine design specifications have been published. References 1 to 3, 
which are typical of these publications, present the thrust per pound of 
compressor weight flow and the specific fuel, consumption of a turbojet 
engine for ranges of fli^t speed, cong^ressor pressure ratio, turbine- 
inlet temperature, and afterburner -outlet temperatture . This type of 
analysis was extended in reference 4 to Include the effect of altitude 
on thrust and specific fuel consumption and to employ the engine per- 
formance in an analysis for the range of a specific aircraft. However, 
in all these cases the effect of booling of the turbine to permit the 
higher turbine- inlet temperatures considered was neglected. The general. 
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effect of cooling woijld be to distort tbe results towaxd lower values of 
thrust and hi^er values of specific fuel consumption. 

A limited number of caletilations to evaluate the effects of cooling 
have been male. References 5 to 7 show that gas-turbine performance can 
be greatly improved by increasing the turbine- inlet temperature and em- 
ploying either air or a liquid for cooling the turbine blades . In addi- 
tion, references 8 and 9 indicate that the perfoimiance of tin*bojet en- 
gines designed for subsonic and for supersonic fli^t, respectively, can 
M be improved by increasing the tiorbine- inlet temperature and employing 

M air-cooled turbine blades. 

The thrust per unit of frontal area and the specific fuel consump- 
tion for turbojet engines analyzed in the literature have been eval-uated 
by independently specifying the compressor pressure ratio, the corrected 
engine weight flow per unit frontal area, the turbine-inlet temperature, 
the component efficiencies, and the coolant flow. Under these conditions, 
the flow Mach numibers within each component are uniquely specified for 
given component flow areas. These Mach numibers are, in turn. Interrelated 
with the component efficiencies. Furthermore, the cooling requirements 
are interrelated with the Mach numbers and the state conditions within 
the turbine as well as the turbine blade stresses and geometry. Thus, 
the independent choice of these specifications frequently leads to de- 
signs for which any or all of the following may be true: It is impossible 

to pass the speckled weight flow; the required Mach numbers differ from 
those commensurate with the specified component efficiencies; or the 
cooling requirements are inaccurate. Consequently, the performance re- 
sults of miany of the engines are not directly comparable. 

The freedom of choosing independent design specifications so that 
all engines considered in any specific analysis are directly comparable 
has necessarily awaited the development of adequate procedures for analyz- 
ing and limiting each of the components. A simplified procedure for 
evaluating the turbine specific work for a given comfiDination of tiArbine 
design specifications, namely turbine-inlet temperature, tip speed, and 
hub-tip radius ratio, was published recently (ref. 10). In addition, 
recent component research permits good estimiates of the component effi- 
ciencies and aerodynamic limits. Since the engine weight flow and the 
compressor pressure ratio can be related to the turbine work, the com- 
ponent efficiencies, and the aerodynamic limits, while the coolant-flow 
requirements can be evaluated from the turbine design specifications, it 
is possible to relate the engine performance to the turbine-inlet tem- 
perature, the tip speed, and the hub-tip radius ratio for specified com- 
ponent efficiencies and aerodynamic limits. All engines analyzed in this 
way and for which turbine blade cooling can be accomplished are directly 
comparable, provided that the component efficiencies and aerodynamic limits 
are comparable for all engines . Consequently, a series of investigations 
has been undertaken by the KACA to determine the performance of turbojet 
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engines over a wide range of turbine -inlet temperatures^ tip speeds, and 
hub-tip radius ratios for several values of coplant flow. In the analysis 
of these engines, an attempt was made to obtain the hipest turbine spe- 
cific work that seemed feasible in the near future with a given set of 
tiirbine design specifications, in order to explore the outer limits for 
engines enploying turbine blade cooling. This was done by choosing 
higher values of turbine aerodynamic limits and turbine-exit whirl than 
are in current use. However, a rather conservative vali;te of turbine 
adiabatic efficiency was assigned. Such a procedure resizlts in the min- 
imum cooling load, because a specified amount of work is obtained from 
the turbine for the lowest values of turbine-inlet temperature and stress. 
The engines investigated were made comparable by utilizing the same val- 
ues of the component aerodynamic limits and efficiencies commensirrate 
with those limits for aU. engines. In addition, air-cooling is consid- 
ered, because it is in a more advanced stage of development than Is 
liq.uid cooling; and“a single-stage turbine is employed in the interest 
of retaining mechanical simplicity and minimum blade heat-transfer svir- 
face area. 

As a part of this series ..of Investigations at the NACA Lewis labora- 
tory, the obtainable turbine work and weight flow expressed in terms of 
the compressor press-ure ratio and the turbine -limited specific wei^t 
flow (hereafter referred to as the turbine performMice as opposed to the 
engine performance, which is the objective of the entire investigation) 
were determined over a range of turbine design specifications . In addi- 
tion, the weight-flow capacity of the inlet difftiser and the compressor 
and the ratio of the required combustor and afterburner frontal areas to 
the tTurblne frontal area Were computed, so that the compressor corrected 
weight flow per unit of engine frontal area could be evaluated readily. 

The present report presents the results of this analysis and Illustrates 
not only the influence of turbine blade cooling on the obtainable com- 
pressor press'ure ratio, t'urbine- limited specific wei^t flow, and engine 
specific wei^t flow, but also the factors affecting the selection and 
design of air-cooled single-stage t\irblnes for turbojet engines. The 
following ranges in the turbine design specifications were considered for 
a flight Mach number of 2.0 in -the stratosphere ; turbine- inlet tempera- 
ture, 2000° to 3500° R; turbine^ blade tip speed, 1100 to 1700 feet per 
second; turbine hub-tip radius ratio, 0.55 to 0.75; and coolant-flow 
ratio, 0 to 0.15. 


ANALYTICAL RROCEDUKES 

The engines analyzed are considered to consist of an inlet difftiser, 
a compressor, a comibustor, and a turbine with a zone downstream in which 
the cooling air is asstimed to mix with the combustion gases . For the 
case of thrust augmentation, the engines have, in addition, a diffuser 
after the mixing zone downstream of the turbine and an afterburner. 
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SdLematic diagrams of the unaugmented and the augmented engines are shown 
in figure 1. The synibols and definitions used throiughout the report are 
listed In appendix A. 


Turhine Specific Work 

The tirrhine- inlet temperature, turhine hlade tip speed, and turhine 
huh-tip radius ratio were used as independent variables for specifying 
the engine designs. In addition, single-stage turbine designs with free- 
vortex velocity distributions and constant annular area were employed. 
Since the turbine design conditions were specified, it was necessary to 
start the analysis at the turbine. The simplified procedure for design- 
ing free-vortex turbines as published in reference 10 was used for eval- 
uating the turbine specific work. As shown in reference 10, the turbine 
specific work is dependent upon the aerodynamic limits, namely, rotor- 
inlet relative Mach number and exit axial critical velocity ratio (ratio 
of exit axial velocity to sonic velocity at Mach number l) , turbine adia- 
batic efficiency, and amount of whirl cnr tangential velocity at turbine 
exit, as well as turbine-inlet temperature, tip speed, and hub-tip radius 
ratio . 

In the present report the aerodynamic limits and the turbine-exit 
whirl were chosen so as to assure hi^ turbine work. Hi^ turbine work 
was part iciil arly emphasized, since, for a given compressor pressure ratio 
and engine wei^t flow, the coolant flow required can be reduced by main- 
taining the turbine specific work at reduced turbine tip speed. Kiis re- 
duction in the coolant flow is simply a reflection of the decrease in 
turbine blade stresses. Alternately, the compressor pressure ratio and, 
consequently, the engine wel^t flow can be increased by increasing the 
txorbine specific work without increasing the required coolant flow by in- 
creasing the aerodynamic limits, or exit whirl, or both. In addition, 
the turbine size or blade stress, or both, can be reduced for a given 
compressor pressure ratio and engine wel^t flow by increasing the tur- 
bine aerodynamic limits or exit whirl, or both. 

Reference 11 shows that the specific work of a single-stage turbine 
can be increased substantially by Increasing the turbine aerodynamic lim- 
its. In addition, it is apparent from Euler's turbine equation that the 
turbine specific work can be directly increased by employing ttirblne-exlt 
whirl, that is, by permitting the gases leaving the -turbine to have a tan- 
gential component of velocity in the direction opposite that of the wheel 
rotation. Therefore, J;he present report utilized a comibination of the 
aerodynamic limits and turbine-exit whirl so that the highest turbine spe- 
cific work was obtained that seems feasible for near-future single-stage 
turbine designs without a significant reduction in tvirbine efficiency. 
Accordingly, the inlet relative Mach number at tie turbine rotor root -was 
limited to 0.80 and the turbine adiabatic efficiency -was fixed at 0.83. 


6 


KACA EM E54C22 


Appendix B presents the results of calculations made to estimate the per- 
missihle amount of turhine-exit 'whirl without a significant reduction in 
the turbine adiabatic efficiency. It is assumed that the pressure head 
associated with the exit tangential velocity component was eventually 
dissipated downstream of the turbine by the tail-cone struts, and delete- 
rious effects on the downstream components were thus prevented. On the 
basis of the results presented in appendix B, the present report used 
turbine-exit whirl corresponding to a value of -0.41 for the ratio of 
whirl component of velocity to wheel speed at the radial position at 
which the product of whirl energy loss per pound and total wei^t flow 
expresses the total whirl energy loss. This turbine-exit whirl was de- 
termined as that value corresponding to the same turbine adiabatic effi- 
ciency as for no turbine-exit whirl, assuming that the blading losses 
were Independent of turbine-exit whirl. However, as shown in appendix B, 
even if the blading losses are scheduled to vary with turbine-exit whirl 
when a loss coefficient invariant with exit whirl is used, the maximum 
drop in the turbine adiabatic efficiency due to this whirl is only 3.6 
percentage points. Furthermore, supplementary calculations revealed that 
the effect of employing this exit whirl is to increase the obtainable 
compressor pressure ratio and turbine weight-flow capacity by about 34 
and 20 percent, respectively, for a typical example. For these reasons, 
the use of this amcrunt of tvirbine-exit whirl seemed particiolarly desir- 
able, even though it is considerably in excess of values used in present 
design practice. 

The turbine-exit axial critical velocity ratio must be limited by 
the condition of axial choking within the blade passages at the trailing 
edge. For a given blade solidity and trailing-edge thickness, it is pos- 
sible to relate the blade chord to the exit axial critical velocity ratio 
(outside the blade passage) for this choking condition. For this reason, 
the minimum values of permissible t\ncbine blade chord have been conputed 
over the range of turbine design specifications used herein for an exit 
axial critical velocity ratio of 0.70, a trailing-edge thickness reason- 
able for a cooled turbine blade, and two txarbine blade tip solidities. 
These calculations are discoissed and the results are presented in appen- 
dix B. These results show that the minimum turbine blade chords are 
within or below present design practice. Slight increases in the exit 
axial critical velocity ratio have an appreciable effect upon the maxi- 
mum turbine blade chord (since as this velocity ratio approaches unity 
the minimum turbine blade chord approaches infinity) with no significant 
improvement in the turbine performance. For this reason, the exit crit- 
ical velocity ratio of 0.70 was considered as the limit. 

The angle through which the turbine blades turn the working fluid 
is a direct measure of the turbine work. It is expected that this turn- 
ing angle must be limited at the hub to prevent excessive losses. There- 
fore, since the need for high turbine work has been particularly em- 
phasized by using a combination of the aerodynamic limits and exit whirl 
corresponding to high turbine specific work, a calculation was made (see 
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appendix B) to determine the huh values of the rotor hlade turning angles 
over the range of turhine designs considered herein. These results as 
tabulated in appendix B show that only in the case of the ccmibination of 
turhine-inlet temperatiire and tip speed of 2000° R and 1700 feet per 
second, respectively, do the turning angles exceed the limiting value of 
120° used in reference 10. 

The occurrence of negative reaction over any portion of the turhine 
hlade span is undesirable, because it may cause flow separation that 
would result in additional losses. Of the 80 combinations of the turbine 
design specifications studied herein, only two displayed this undesirable 
characteristic; these were for a tip speed of 1100 feet per second, a 
turbine- inlet temperat-ure of 3500° E, and for hub-tip radius ratios of 
0.55 and 0.60. 


Coolant-Plow Ratio 

In order to avoid restricting the analysis to ar^ particular air- 
cooled blade configurations, a range of coolant flows from 0 to 15 per- 
cent of the compressor wei^t flow was considered. However, since the 
turbine design specifications fix the tTn:bine blade stresses for any 
blade configuration as well as the aerodynamic and thermodynamic condi- 
tions around the blade, the cooling-air requirements can be uniquely eval- 
xiated for any blade configuration. The work done by the turbine tipon the 
cooling air as it flows between the entrance of the compressor and the 
tips of the turbine blades was considered equivalent to the work required 
to compress the cooling air to the contpressor-dlsciiarge stagnation tem- 
perature. Althou^ this assuii 5 )tion permitted handling the cooling air as 
if it were compressed entirely by the cottpressor, in the practical appli- 
cation it involves conpressor interstage bleed, since, in general, work 
is done on the cooling air as it flows within the turbine rotor. 


Compressor Pressure Ratio 

The compressor pressure ratio for a given adiabatic efficiency is 
dependent upon the compressor specific work and compressor- inlet tempera- 
ture. Since the work balance between the turbine and compressor provides 
a relation between compressor specific work and turbine specific work, 
it is possible to relate the compressor pressure ratio to the turbine 
specific work, the coolant-flow ratio, the fuel-air ratio, and the 
compressor-inlet temperature. This relation was employed in conjunction 
with the analytical procedures and restilts presented in reference 12 for 
evaluating the compressor pressure ratio. 
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TurTjlne Specific Weight Flow 

The t-urbine specific weight flow was determined "by applying the con- 
tinuity equation to the exit of the turbine and using the limiting value 
of the turbine-exit axiai . critical velocity ratio and the state condi- 
tions at the mean radial station. The state conditions were determined 
from the velocities at the turbine exit, the compressor, combustor, and 
turbine pressure ratios, and the turbine-inlet temperature. The combus- 
tor pressure ratio and the turbine specific weight flow were obtained 
from a graphical solution of the empirical pressure-loss characteristic 
of a typical low- loss combustor and the continuity equation written be- 
tween the combustor- inlet and turbine-exit stations. Finally, the turbine- 
limited specific weight flow was con 5 »uted as the turbine weight flow per 
unit of turbine frontal area corrected for fuel and coolant flows and for 
compressor- inlet stagnation conditions. 


Compressor Specific-Weight-Flow Capacity 

The congjressor specif Ic-weight-flow capacity was estimated for a 
range of compressor tip speeds for a transonic inlet stage employing 
solid-body- rotation guide vanes . The compressor was aerodynamically lim- 
ited by the use of an inlet axial critical velocity ratio at the hub of 
0.7 and a relative Mach number at the tip of 1.1. These were considered 
to be realistic for near-future compressors designed for high wei^t flow 
and specific work. The weight-flow capacity was computed at the station 
between the first guide vane and the first rotor (where the pressure is 
the lowest while the whirl due to the guide vane is high) with the con- 
tinuity equation at the mean-radial position. 


Combustor and Afterb\irner Performance 

In order to keep the engine frontal area low and the combustor veloc- 
ity (and therefore the combustor pressure drop) low, the combustor frcaatal 
area was maintained equal to the turbine frontal area, unless the re- 
quired combustor reference velocity exceeded the assumed limiting value 
of 150 feet per second. (Reference velocity is defined as that velocity 
obtained from the continuity equation when the burner weight flow is 
divided by the inlet density and the maximum flow area.) For the high- 
volume flows for which the limiting velocity tended to be exceeded, the 
combustor frontal area was allowed to exceed the turbine frontal area, 
while the combustor reference velocity of 150 feet per second was main- 
tained. For the augmented engines an afterburner reference velocity of 
500 feet per second was employed, and the frontal area ratio between the 
ttirbine and the afterburner required to accommodate the weight flow was 
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determined from the continuity relation. The afterburner reference veloc- 
ity was never reduced below 500 feet per second^ in order to minimize the 
diffusion losses at the turbine exit. 

Thp> pressure ratio of the combustor was varied with the inlet Mach 
number and the temperature ratio according to the ejqperimental loss char- 
acteristics of the typical low-loss turbojet conflxustor studied in refer- 
ence 13. The pressure losses in the afterburner were assumed to be equal 
to the inlet dynamic head as in reference 14. 


Mixing and Diffusing at Turbine Exit 

The combustion gases and the cooling air discharged from the tirrblne 
blades were assumed to mix in a constant-area section downstream of the 
tiorbine (see fig. l) . The pressure losses and the final mixture tempera- 
ture were determined by using the momentum and energy equations and assum- 
ing that the combustion gases and the cooling air enter the mixing zone 
at the same static pressure and that no heat transfer to the cooling air 
occurs before mixing. 

For the augmented engine, an additional pressure loss was accounted 
for which was due to the necessity of diffusing from the cooling-air mix- 
ing zone to the afterbumer-lnlet velocity. This pressure loss was com- 
puted with an adiabatic diffuser efficiency. 

All assumptions Involved in the analysis and the important constants 
are simmarized in appendix G. 


VARIATION OF TURBINE EEBFOEMANGE WITH TURBINE DESIGN VARIABLES 

In the foregoing, analytical procedures are outlined which permit 
the determination of the turbine performance and the engine wel^t-flow 
capacity obtainable from turbojet engines with single-stage air-cooled 
turbines and components with hi^ aerodynamic limits comnensurate with 
the component efficiencies chosen. In the Interest of minimizing the re- 
quired coolant flow for the single-stage turbine, an attempt was made to 
consider turbine designs in which the hipest feasible specific work could 
be extracted from the turbine. This was accomplished herein by employing 
a large tangential component of the tiirblne efflux velocity, which was 
shown to result in a net gain in the obtainable compressor pressure ratio 
and turbine-limited specific weight flow. The compressor pressure ratio, 
the turbine-limited specific weight flow, and the state conditions throu^ 
the engine are presented in table I for the followirg values of the 
independent variables: turbine- inlet temperature T^, 2000°, 2500°, 

3000°, and 3500° R; blade tip speed U^, 1100, 1300, 1500, and 1700 feet 
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per second; hub-tip radius ratio rj^/r^ , 0.55, 0.60, 0.65, 0.70, and 
0.75; coolant-flow ratio C, 0, 0.05, 0.10, and 0.15. 


Uncooled- Turbine Performance 

Effect of turbine design specifications on turbine performance . - 
Hie effect of variations in the turbine design specifications on the per- 
formance of the uncooled turbine is presented in figure 2 , where the 
turbine-limited specific weig^ht flow is plotted against the con 5 >ressor 
pressure ratio. Figure 2 illustra.tes that, in general, the compressor 
pressure ratio and the turbine -rlimited specific weight flow Increase si- 
multaneously as the. turbine- inlet tesgjerattire and the turbine tip speed 
are increased. The increase in the turbine-limited specific weight flow 
is essentially a reflection of the increase in the compressor pressure 
ratio and, therefore, the gas density at the turbine exit. The simulta- 
neous increase is particularly important, since the turbine-limited spe- 
cific weight flow and compressor pressure ratio of the engine are meas- 
ures of the corresponding turbo; 5 et-engine thrust and specific fuel con- 
sumption, respectively. At least within the ranges encountered with the 
single-stage turbine, it is generally true that increases in the engine 
specific weight flow and compressor pressure ratio at constant turbine- 
inlet temperatijre resxilt in increased thrust at lower specific fuel con- 
Bunrption. The increases in the turbine-limited specific wei^t flow and 
compressor pressure ratio with turbine- inlet temperature are largest at 
high turbine tip speeds. Similarly, both of these qtiantities Increase 
most with tirrhine tip speed at . the hipest tturbine- inlet temperature; 
while, for low tinrbine- inlet temperattire, the congpressor pressure ratio 
increases while the turbine-limited specific weight flow first increases 
and then decreases with increasing tip speed* Thus, both high turbine- 
inlet temperatures and turbine. tip speeds seem particularly advantageous. 
The hi^er tip speed is accompanied by a direct increase in the whirl 
con 5 )onent of the gases at the turbine inlet and, thus, an. increase in 
turbine work. Similarly, a hi^er turbine -inlet temperature yields an 
Increase in the turbine work in the form of an increased inlet whirl com- 
ponent. In addition, an increase in the turbine- inlet temperature permits 
this increase in turbine work to occur while the turbine pressure ratio 
P 7 /P 4 actually increases and therefore, in general, affects favorably 
the turbine weight-flow capacity. The variations in the ttirbine-limlted 
specific weight flow and the compressor pressure ratio with the turbine- 
inlet temperature and tip speed are essentially a reflection of these 
characteristics . 

In addition, figure 2 shows that, for a given turbine-inlet tempera- 
ture and tip speed, the turbine-limited specific weight flow increases 
with decreasing turbine hub-tip radius ratio (increasing blade length and, 
thus, annular area), -until a maximum wei^t flow is reached. Thereafter, 
the turbine -limited specific weight flow decreases with decreasing turbine 
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hull-tip radius ratio. Although this peak weight flow Is obtained only for 
the hipest turbine -Inlet temperature and tip speeds used herein, the 
trend Is general and would occur for all conditions If the turbine hub- 
tlp radius ratios were extended to lower values. The congpressor pressure 
ratio decreases continuously with decreasing turbine hub-tip radius ra- 
tio, however, since decreasing hub wheel speed requires decreased abso- 
lute stream velocities at the turbine Inlet for limited relative veloc- 
ities. Thus, the gains In turblne-llmlted specific weight flow obtained 
by decreases in the turbine hub-tip radius ratio are accompanied by a 
decreasing compressor pressure ratio. Figure 2 Illustrates that the per- 
centage gains In the turblne-llmlted specific wel^t flow obtained by 
decreasing the turbine hub-tip radius ratio are largest for low turbine 
tip speeds and Inlet ten^eratures . In addition, these gains are accom- 
plished with the smallest percentage of loss In con®ressor pressure ratio. 

Increases in turbine tip speed afford additional design freedom. 

For Instance, as shown on figure 2, at a turbine tip speed of 1100 feet 
per second the turbine performance is limited to a narrow range, with 
turbine hub-tip radius ratio being the most significant turbine -design 
variable; however, at a tip speed of 1700 feet per second the turbine 
performance can vary over a wide range, and design freedom is Increased, 
particularly since a larger number of combinations o'f turblne-llmlted 
specific wei^t flow and pressure ratio are available. The reader should 
recall, however, that figure 2 depicts only the range of design freedom 
for the case of single-stage txarblnes with specified aerodynamic limits 
and that reducing the aerodynamic limits would shift the cturves presented 
toward the origin, the result of which would be larger coolant-flow re- 
quirements, heavier tiorblnes, and lower turbine performance for each set 
of values of the turbine design variables. Ihe maps of the compressor 
pressure ratio and turbine-limited specific weight flow shown on figure 
2 overlap for turbine tip speeds of 1500 and 1700 feet per second. This 
overlapping would occur more commonly if smaller speed increments and 
larger ranges of t-orbine- inlet temperature and hub-tip radius ratio were 
chosen. This overlapping illustrates that different combinations of tur- 
bine design variables may give the same turbine performance and that the 
evaluation of the best combination for a particular engine application 
depends on the combination of values of turbine design specifications 
that results in the least severe blade-cooling requirements for a partic- 
ular cooled-blade configuration. In a similar manner, in order to deter- 
mine the best combination of the compressor pressaare ratio and turblne- 
llmlted specific weight flow over the full range of the turbine design 
specification for a particular airplane with a specified mission, it is 
necessary to make a complete engine analysis with a specific cooled- 
turblne blade configuration. Subsequently, the results would have to be 
applied to an aircraft-range or combat-time investigation. 

Comparison of turbine performance results with those of production 
engines . - In order to give the reader a basis for evaluating the turbine 
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designs losed In the present report, a compaorison is made between the tur- 
bine performance results presented herein and the turbine performance of 
three production engines with single-stage turbines. In order to make 
this comparison, the turbine performances of three analytical engines 
predicted upon the assumptions of this report were determined at values 
of turbine- inlet temperature and tip speed that resulted in the same 
corrected turbine-inlet temperature and corrected tip speed for both the 
analytical engines and the corresponding production engines. The hub- 
tip radius ratios for the analytical engines and the corresponding pro- 
duction engines were equal. The results of this comparison are presented 
in the following table : 


Turbo- 

jet 

engine 

Corrected design 
specifications 

Turbine design performance 

Production engine 

Analytical engine 

Turbine - 
inlet 
temper- 
ature. 

Turbine 
tip 
speed , 
ft/sec 

Hub -tip 

radius 

3reitio' 

Compressor 

pressure 

ratio 

Specific 

wei^t 

flow, 

(ib/sec) 

Compressor 

pressure 

ratio 

Specific 

weight 

flow, 

(ib/sec) 


OR 



sq. ft 


sq ft 

A 

2010 

1358 

0.680 

4.25 

22.8 

6.165 

27.82 

B 

2100 

1166 

.798 

5.25 

14.7 

5.925 

19.54 

C 

2060 

1193 

.785 

5.00 

16.1 

5.915 

20.40 


The turbine performance of the analytical engines exceeds that for the 
corresponding production engines. This difference is essentially a re- 
sult of the higher aerodynamic limits and turbine-exit whirl and, corre- 
spondingly, the higher- turbine work, rather than the effect of slight 
differences in efficiencies. Compar'ison of the turbine performance on 
figure 2 with the design compressor pressure ratios and weigsht flows for 
the three turbojet engines Indicates that, by extending the ranges of 
the turbine design specifications beyond present limitations, mtuch higher 
turbine -limited specific weight flows and compressor pressure ratios can 
be obtained with a single-stage turbine. 


Cooled-Turbine Performance 

Since the turbine cooling air must be supplied by the compressor and 
the same cooling air absorbs rather than produces work in the turbine, 
the compressor pressure ratio and the turbine -limited specific wei^t flow 
are affected by the amount of cooling air supplied to the turbine. 
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Effect o£ coolant-floff ratio on ccagpressor pressure ratio . - The 
effect of the coolaELt-flov ratio on the con®ressor pressure ratio is 
presented in figure 3. It is evident from the figure that the pressure 
ratio of the cooled engine is independent of the values of the turbine 
design specifications. The hipest value of compressor pressure 
ratio shown in the figure for the cooled tiorhine is about 2 percent be- 
low that for no coolant flow for each percentage point of coolant flow. 

At a press\ire ratio of 1.0, cooling has no effect, because the coolant 
pumping work is zero. 

Effect of coolant-flow ratio on t-urblne performance . - Hie effect 
of coo], ant-flow ratio on the variation of turbine perfoarmance with tur- 
bine design specifications is presented in figure 4. If the compressor 
pressure ratio were Invariant with coolant-flow ratio for any combination 
of the turbine design specifications, an increase in the coolant-flow 
ratio would increase the ttirblne-llmited specific wei^t flow, because 
this wei^t flow is computed at the exit to the turbine annu.lus and the 
coolant bypasses the turbine annulus . However, as shown in figure 3, 
the coolant-flow ratio decreases the compressor pressure ratio, because 
the coolant requires work for its compression but supplies no work in the 
turbine. At the lower tip speeds, the effect of the coolant that bypasses 
the turbine annulus is greater than the effect of the reduced wei^t flow 
throu^ the turbine. This weight-flow reduction is brought about by the 
decrease in density at the turbine exit due to the decreasing compressor 
pressure ratio. The result is that the turbine- limited specific weight 
flow increases with coolant-flow ratio at the lower tip speeds . At the 
higher tip speeds, the opposite set of circumstances caiises the turbine- 
limited specific weight flow to decrease with an increase in coolant-flow 
ratio. As a result, an aerodynamically limited compressor must have a 
larger frontal area in the cooled than In the uncooled case if the tur- 
bine tip speed is 1100 feet per second; the converse is true at 1700 feet 
per second. 

Figure 4 shows that the range of turbine performance is reduced by 
cooling as a result of the lEirger influence of cooling at the hi^er tur- 
bine speeds conipared with the lower tip speeds. However, even for coolant- 
flow ratios of 0.15, the ranges in both compressor pressure ratio and 
turbine-limited specific weight flow are appreciably above the possible 
design values for uncooled turbines. With reference to the preceding 
table, for example, a turbine designed for an inlet temperature of 
2000° R, a tip speed of 1300 feet per second, and a hub-tip radius ratio 
of 0.70 ml^t be considered typical of current design practice for an un- 
cooled turbine. For these design conditions, the tiubine-llmited specific 
wel^t flow is 20.4 pounds per second per square foot and the compressor 
pressure ratio is 3.96, as given in figure 4(a) (C =■ 0) . Hiis set of txJTT 
bine performance values is designated by the circles in figure 4. For all 
points to the rl^t and above these circles, the turbine-limited specific 
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wei^t flow and the coitipressor pressure ratio are sx^perior to the values 
for a typical current design. Since the engines with superior turhine 
performance in figure 4(a) and all the engines in figures 4(h) ^ (c), and 
(d) are possible through turbine blade cooling, it is seen that this 
cooling, which permits the more severe turbine design conditions, is a 
means of realizing significant gains in single-stage turbine performance. 
Even with 15 percent of the compressor weight flow used for cooling, the 
turbine- limited specific weight flow can be Increased to as much as 33 
pounds per second per square foot, or the compressor pressure ratio can 
be increased to approximately 7.5 by increasing the turbine-inlet temper- 
ature to 3500° R (fig. 4(d)). Although these increases indicate improve- 
ments in engine thrust and specific fuel consumption, they can be accu- 
rately evaluated only by means of a conplete analysis including the engine 
flight plan and the specific type. of cooled-blade configuration. 


TURBINE BLADE HUB STRESSES RESULTING AT VARIOUS TURBINE PERFORMANCE LEVELS 

It is Impossible to evaluate: conp>letely or adequately the required 
coolant-flow ratio over the range; of turbine design variables considered 
herein without making a cooling analysis of several air-cooled blade con- 
figurations. However, it is possible to gain some knowledge concerning 
the severity of the cooling problem over the range of the turbine design 
variables by studying the resulting ttirbine blade centrifugal stresses 
at the hub. Since the centrifugal stresses are a function of the blade 
tip speed and hub-tip radius ratio, lines of constant centrifugal stress 
can be superimposed upon turbine performance plots with the tinhine tip 
speed and hub-tip radius ratio as parameters. For constant turbine- inlet 
temperatures , a constant-stress line can be considered as an approximation 
of the line of constant required coolant-flow ratio for a particular 
cooled-blade configuration . The reason a constant-stress line only 
approximates the condition of constant required coolant -flow ratio is 
that several of the variables affecting the required coolant-flow ratio 
vary along a constant-stress line. Itowever, the effects of these varia- 
bles, which Include the blade inside and outside heat-transfer coeffi- 
cients, the effective gas temperattir e , the blade pressure drop, and the 
compressor pressiare ratio, are to: some extent compensating. 

The stresses corresponding to the performance levels attainable at 
turbine-inlet temperatures of 200.0° and 3500^ R are presented in figure 
5 for coolant-flow ratios of 0 and 0.15. The stresses were computed on 
the basis of a linear metal area taper from blade hub to tip with the tip 
metal area being 0.4 that at the hub. This amount of taper was chosen 
since it can be obtained with present fabrication procediires for 
convection-air-cooled blade, configurations. 
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A significant characteristic of the constant-stress lines is their 
slope. For the lower turhine-inlet ten^peratiire , the stress lines are so 
inclined that for constant stress the turhine- limited specific weight flow- 
decreases with increasing compressor pressure ratio as sho-wn in figure 
5 (a) . However, for the hi^ t-urhine- inlet temperature, the t-urhine- 
limited specific wei^t flow increases with compressor press-ure ratio at 
constant stress as shown in figure 5(h) . In general, for the range of 
turhine design variahles considered herein, the engine thrust Increases 
with the turhine-li mited specific wei^t flow, and the specific fuel con- 
sumption decreases with increasing con 5 >ressor pressure ratio. For this 
reason it is desirable to increase conpressor weight-flow rate and pres- 
sure ratio simultaneously. At 3500° R turhine-inlet temperature, the 
lines of constant stress possess this desirable characteristic. If the 
coolant flow is ass-umed to he constant along a constant-stress line, it 
is evident from figure 5"(h) that the thrust and specific fuel consumption 
can he improved by increasing the turbine-limited specific weight flow 
and compressor pressure ratios along this line without increasing -the 
coolant req,uired. At 2000° R turhine-inlet tenperature, this characteris- 
tic of simultaneous increases in the turhlne-limi-ted specific weight flow 
and compressor pressure ratio is not displayed by the constant- stress 
lines. Jh fact, at constant blade stress. Indications are that the ob- 
tainable thrust Increases at the expense of increasing specific fuel con- 
sumption corresponding to increases in turbine-limited specific wei^t 
flow and decreases in compressor pressure ratio. Therefore, in order to 
obtain any knowledge concerning the best operating point along a constant - 
stress line, it is necessary -to weigh the Increase in thrust due to higher 
specific weight flows against -the increase in specific fuel consumption. 

In order to increase both compressor pressure ratio and t-urbine- limited 
specific weight flow at 2000° R turbine-inlet temperature, it is necessary 
■fco increase the blade stresses . For the 2500° and 3000° R turbine-inlet 
temperatures (not shown) the slopes of the constant-stress lines are be- 
tween those for -the two extremie turbine-inlet temperatures shown. 

Beca-use -the turbine blade hub stresses are dependent upon both the 
turbine tip speed and hub-tip radius ratio, the lines of constant stress 
must cross the lines of constant tip speed and the lines of constant hub- 
tip radius ratio as shown in figure 5. For 3500° R, the characteristic 
increase in the turbine-limited specific weight flow and compressor pres- 
sure ratio along the constant-stress line is accompanied by an increase 
in the turbine tip speed and hub-tip radius ratio. Thus, in order to 
exploit the gains in engine performance associated with increases in both 
compressor presstire ratio and t-urbine-limited specific weight flow along 
a constant-stress line, it appears that it would be desirable to design 
the tinrbine with short blades (hi^ hub-tip radius ratio) and high tip 
speeds rather -than to use long blades and low tip speeds. However, for 
2000° R turbine-inlet temperature, the long turbine blades or low turbine 
hub-tip radius ratios may possibly be desirable. 
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At 3500° R tiirtine- inlet temperature, the three lowest constant- 
stress lines for zero coolant-flow ratio cross over each of the corre- 
sponding stress lines for 0.15 cqolant-flcw ratio. !Ehis cross-over in- 
dicates that, for a limited range of turhine design variables, the cooled 
turbines can drive. con 5 >res 8 ors of hl^er weight flow for the same com- 
pressor pressure ratio and turbine blade hub stress than can the un- 
cooled turbine. Howevpr, the cooled turbine cannot drive the higher- 
wei^t-flow compressor without employing a higher turbine specific work, 
which adversely affect.s the engine performance. For most of the values 
of the turbine design variables at 3500° R and for the complete range at 
2000° R, the cooled-blade hub stresses are always higher than those for 
the uncooled blade with the same turbine-limited specific weight flow and 
compressor pressure ratio. 


INFLUEHCE OP ENGINE COMPONENTS ON SEMCTION OF TURBINE 
DESIGN SPECIFICATIONS 

In the foregoing discussicaa, those factors have been emphasized that 
affect the selection of a set of values of turbine design variables which 
wotild result in a li^t-wei^t, air-cooled turbine with minimum blade 
heat-transfer area. For this purpose the turbine-limited specific wei^t 
flow, which is based upon the turbine frontal area, was employed as a 
criterion of merit. In the case in which the wel^t of the txarbine is of 
secondary importance in comparison with the engine frontal area, the en- 
gine specific wei^t flow is the most important criterion of merit. The 
reference area in this parameter is the frontal area of the largest engine 
component, including the inlet diffuser, the ccmpressor, the conibustor, 
the turbine, and, in the case of the afterburning engine, the af terbxirner . 

For some of the engine components, the maximum specific wei^t flow 
was computed, while, for the remainder, the ratio of the component area 
to the turbine frontal area required to pass the necessary weight flow 
was computed. The maximum specific weight flow of the compressor as a 
function of the compressor tip speed is presented in figure 6, in which 
wheel-type spanwise velocity distribution is assumed for the inlet guide 
vanes. A value of the inlet diffuser specific weight flow of 34.4 pounds 
per second per square foot was oblsalned by using a ram recove 2 ry of 0.85 
and a flight Mach number in the stratosphere of 2.0. The primary combus- 
tor is laj?ger than the tvirbine for many comibinations of turbine design 
variables, while the afterbtirner is nearly always larger than the turbine. 


Limitations on Turbine Design Specifications Due to 
Component Frontal Areas 

In order to illustrate the manner in which the frontal areas of the 
several engine components exercise control over the choice of a desirable 
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set of values of tuxtine deslga variables, it was assumed to be desirable 
for all the engine con^ionents to tiave the same frontal area. From data 
presented in table I, however, it is possible to determine the effect 
of the several con^ranent frontal areas on the choice of turbine design 
specifications for arbitrary ratios of frontal areas of the con^jonents . 
in figure 7 the turbine -limited specific weight flow of the uncooled en- 
gine is plotted against tiie conipressor pressure ratio for all values of 
turbine tip speed and htib-tip radius ratio and for turbine-inlet tempera- 
tures of 2000° and 3500° E. St^jerlmposed on these plots are the bound- 
aries beyond which the inlet diffuser (ram recovery, iig, 0.85), the com- 
pressor, the combustor, or the afterburner must be larger than the turbine 
In frontal area in order that the pertinent component ac commodate the tur- 
bine specific weight flow without exceeding the liEgposed limits. The en- 
gine specific wei^t flow is the same as the turbine-limited specific 
weight flow for all conditions for which the turbine frontal area is equal 
to or larger than that of any of the other components. 

The regions of figure 7 in 'vdilch the inlet diffuser and the conqpres- 
sor limit the engine specific wei^t flow are quite small. In fact, for 
the uncooled engine, only at the hipest values of turbine- inlet tender- 
ature and tip speed do the inlet diffuser and the compressor have to be 
larger than the rest of the engine. Since, at these same conditions for 
the cooled engine, the turbine- limited specific weight flow is stiffl- 
ciently lower than for the uncooled engine (fig. 4} , the cooled engine 
is not limited by either the inlet diffuser or the compressor. There- 
fore, for the range of design variables and coolant-flow ratio considered 
herein, the weight-flow capacity of the engine is essentially unlimited 
by the inlet diff^lser and the compressor. 

Figure 7 Indicates that the coniiustor limits the engine specific 
weight flow at low values of hub-tip radius ratio over the full range of the 
variables. At both values of turbine- inlet temperature and at a tip speed 
of 1100 feet per second, the turbine and combiistor frontal areas are equal 
at a hub-tip radius ratio of about 0.70i If the tip speed is changed to 
1700 feet per second, the hub-tip radius ratio of the boundary at which 
the combustor and turbine are equal in size varies from 0.59 to 0.67 as 
the t-urblne- inlet temperature varies from 2000° to 3500° E. These bound- 
aries are located at slightly lower values of hub-tip radius ratio for 
cooled ttirbines having the same design conditions as the corresponding 
uncooled turbines. The reason for the shift in this boundary toward lower 
hub-tip radius ratios for the cooled case is that the coolant flow by- 
passes the combustor. With reference to the constant -stress lines in fig- 
ure 5(b), the advantage of high turbine hub-tip radius ratios has been 
indicated for high turbine- inlet temperatures. Since, for the high values 
of the hub-tip radius ratio in the case of the nonafterburning engine, the 
turbine is the largest engine conponent, the turbine-limited specific 
weight flow is the same as engine specific weight flow. Thus, for hi gh 
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hub-tip radius ratios and hl^ turbine- inlet ten 5 >eratureB , improvements 
in engine specific wei^t flow are a direct result of lngprovements in 
ttirbine-limited specific weight flow. For low turbine-inlet temperatures, 
however, the hub-tip radius ratio chosen for a particular design must be 
the result of a coiEpromise . The, inclination of the constant -stress lines 
for this condition in figure 5(a) is such that high turbine-limited spe- 
cific weight flows are obtained at low values of hub-tip radius ratio; 
but figure 7(a) indicates that the combustor becomes larger than the tur- 
bine before the hub-tip radius ratio has decreased significantly. In ^ 

addition, the constant-stress lines of figure 5(a) Indicate that the 
turbine-limited specific weight flow is increased at the expense of com- ^ 

pressor pressure ratios. Thus, at the low temperatures, little design 
freedom is available, and it may be necessanry to choose a value of hub- 
tip radius ratio that requires a conhustor having a frontal area consid- 
erably greater than that of the turbine. 

The engine specific weight flow is limited by the afterburner frontal, 
area for nearly all conditions studied. Only for moderate and high tip 
speeds and for a turbine- inlet temperature of 2000° R is the turbine 
larger than the afterburner (fig. 7). For cooled turbines, the after- 
burner is larger than 1 components for all coriditions studied, beca^uae 
the effect of coolant flow is to decrease the compressor pressure ratio 
as shown in figure 4. This decrease in pressure ratio lowers the density 
level in all the components. Including the afterburner, and, therefore, 
causes an increase in the afterburner frontal area over the tmcooled case. 

Thus, it appears that an afterb\unxer suffers the inherent disadvantage of 
permitting only low engine specific wei^t flow. As a result, the engine 
thrust capacity per unit of frontal area is limited by the afterburner 
size. For this type of engine, the principal advantage of increasing the 
turbine-limited specific weight flow is to reduce both turbine weight and 
cooling requirements, as is extremely desirable. 


Effects of Increasing Combustor and Afterb-urner Reference Velocity Limits 

It is apparent from figure 7 that the two engine conponents that most 
seriously limit the engine specific wei^t flow are the combustor and the 
afterburner. Therefore, sangsle calculations were made to determine the 
effect on engine specific weight flow of increasing both combustor and 
afterburner reference velocities ; if the limits on these velocities can 
be lifted as a result of research and development. The results for the 
uncooled nonafterboimlng and afterbviming engines are presented in fig- 
tires 0 and 9, respectively. For convenience in evaluating the results, 
the turbine -limited specific weight flow presented previously in figure 
4 is shown by the dashed curves. In addition, the required combustor and 
afterburner reference velocities and the resulting combustor and after- 
burner pressure ratios corresponding to the turbine-limited specific weight 
flows are shown. 



3171 3io«i s-ffO 


KACA EM E54C22 


19 


Nonaf terbumlng engines . - Ciirve I -for 1:116 specific weighi; flow in 
o(r) BTiri (jh) riiafTiRT-Tn l tip> ( 1 Tjy dividing the turhlae -limited spe- 
cific wel^t flows of the dashed curve hy the ratio of the combustor to 
the turbine frontal areas. The peaks on curve I of these figures corre- 
spond to the points on the boundary in figure 7 beyond which the combus- 
tor is larger than the turbine for the pertinent values of the variables. 

It should be noted that^ althou^ the turbine-limited specific weight 
flow may rise as the hub-tip radius ratio falls belov that value at which 
the turbine and combustor have the same size, the engine si>eciflc weight 
flow decreases sharply, while the blade centrifugal stress increases and 
the compressor pressure ratio decreases. The decrease in con^iressor 
pressure ratio usually results in an Increase in specific fuel consumption. 
The engine specific wei^t flow of curve I has no effect on the combustor 
reference velocity or pressture ratio, so that the dashed curve and curve 
I are identical in the lower two parts of figures 8(a) and (b) . 

However, for cxorve H, the combustor reference velocity was increased 
wherever necessary (middle figs. 8(a) and (b)) so as to permit a conibustor 
frontal area equal to that of the turbine. This resulted in a decreased 
combustor pressure ratio as shown in the bottom sections of figure 8. It 
is evident frcm figure 8 for the case of the uncooled turbine that no in- 
crease in engine specific wel^t flow results from Increases in the com- 
bustor refer^ce velocity for a turbine- inlet temperature of 3500° R. At 
a turbine-inlet tenperatxrre of 2000° R, the increase in engine specific 
weight flow amounts to a maximum of 9.4 percent over the value obtainable 
for the case in which the conibustor reference velocity is limited to 150 
feet per second and the combustor and turbine have the same frontal area. 
The reason no significant Increases in engine specific weight flow are 
possible when the reference velocity limit is increased is that the com- 
bustor pressure ratio falls with increased reference velocity, as is 
shown in figure 8. 

The effect of 15-percent coolant flow on the engine specific weight 
flow, based on the conditions used in curve I, was computed. The engine 
specific weight flow increased with coolant flow, since the coolant by- 
passed the embus tor, which limits the flow. The effect of this coolant- 
flow ratio for the conditions of curve II varied with tip speed. At the 
high tip speed the coolant reduced the engine specific wel^t flow, and 
at the low tip speeds the coolant flow raised the engine specific weight 
flow (for the same reasons given in the discussion of fig. 4) . 

Afterburn:mg engines . - Curve I for the specific weight flow in fig- 
ures 9(a) and (bj was determined by dividing the turbine -limited specific 
weight flows of the dashed curve by the ratio of the combustor to the tur- 
bine frontal areas or the ratio of the afterburner to the turbine frontal 
areas, whichever was greater. Thus, the peak on curve I for a turbine- 
inlet temperature of 2000° R and a tip speed of 1500 feet per second (fig. 
9(b)) represents one point on the boundary in figure 7 beyond which the 
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afterlDiamer is larger than the tiorhine for the pertinent values of the 
variables . As in the case of the nonafterhumlng engine , the engine spe- 
cific wei^t flow decreases shanply as the huh-tip radiiis ratio falls be- 
low that value at which the turbine and afterburner have the same size. 
Also, when engine frontal area is important, no advantage is gained by 
the choice of a value of hub -tip radius ratio less than that value for 
maximum engine specific weight flow, because of the deleterious effects on 
blade centrifxxgal stress, engine specific weigjit flow, emd congpressor 
pressure ratio. 

3h general, significant gains in eigine specific weight flow are In- 
dicated in curve II for the case when both the afterburner and the com- 
bustor reference velocities are increased beyond the limiting values. 
However, it sho\ild be noted that the afterburner reference velocities be- 
come extremely high. Curve II In the top sections of both figures 8 and 
9 has the same value at each corresponding point, becatise the turbine- 
limited specific weight flow is determined at the turbine exit, and, 
therefore, the afterburner cannot control it but must accommodate it. 

For the case of 2000° E turbine-inlet temperatijr e , the afterburner- inlet 
Mach number is so high that the exit Mach number of 1 is reached before 
the combustion-gas temperature has reached 3500° E. For these cases, the 
fact that the afterburner is thermally choked is indicated in figure 9. 

Since curve II has the same values in the corresponding upper parts 
of figures 8 and 9, the effect of the coolant-flow ratio is the same as 
noted in the discussion of figure 8. With respect to curve I, however, 
the effect of Increasing the coolant -flow ratio is to make the afterburner 
progressively larger than the rest of the engine, because the coolant flow 
reduces the compressor pressure ratio and because the afterburner must 
accommodate the cooling air. 


CORCnJSIOHS 

The following conclusions are drawn frcm a study of nonafterburning 
and afterburning turbojet engines operating at a Mach number of 2 in the 
stratosphere and employing air-cooled single-stage turbines with high 
aerodynamic limits and exit whirl; 

1. Values of the turbine-inlet temperature and tip speed higher than 
used in current design practice are particularly advantageous, since they 
permit appreciably hi^er values of coii 5 >ressor pressure ratio and tturbine- 
limited specific wei^t flow than are currently obtainable . 

2. Increasing the coolant-flow ratio reduces the obtainable compres- 
sor pressure ratio for all values of turbine design specifications by an 
amount depending on the ■uncooled pressure ratio and the coolant -flow 
ratio. 
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3. At the hipest value of turblue- inlet temperature studied 
* ( 3500 ° R ) , the ohtainahle compressor pressure ratio and turhine- limited 

specific wei^t flow can he increased simultaneously without Increasing 
the hlade centrifugal stress. However, at the lowest value of turhine- 
Inlet temperature studied (2000° R), the ohtainahle compressor pressure 
ratio and turhine -limited specific wei^t flow cannot he increased simul- 
taneously without increasing the hlade centrifugal stress. 

oj 4. The nonafterhurnlng engine specific wei^t flow is limited hy the 

tj combustor for the lower range of turhine huh-tip raditis ratios studied; 

however, the afterhumlng engine specific wei^t flow is limited hy the 
afterburner for essentially all turhine huh-tip radltis ratios studied, 
increases in the turhlne-limited specific weight flow for turhine huh-tip 
radius ratios helow the values for which either the conibustor or after- 
burner limits the engine specific weight flow are accompanied hy increases 
in turhine hlade centrifugal stresses and decreases in engine specific 
wel^t flow and specific fuel consumption. 

5. Ho significant Increases in the nonafterhurnlng engine specific 
weight flow are possible hy increasing the combustor reference velocity; 
however, the afterhuzning engine specific weight flow can he Increased 
siibstantially if the afterburner reference velocity is increased, except 
in those cases in which theimal choking occurs at the afterhimaer outlet. 


Lewis Pll^t PropvLlsion Laboratory 

National Advisory Conmittee for Aeronautics 
Cleveland, Ohio, March 22, 1954 
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AK>ENDIX A 


HEFINITIOKS AND SYMBOIS 


The following terms, which were employed in the text In the inter- 
est of brevity, are defined below for the convenience of the reader: 


Compressor specific 
weight flow 


Corrected weight flow per unit compressor 
frontal area that an aerodynamlcally limited 
compressor can pass . 


Engine specific 
weight flow 


Corrected weight flow of compressor divided 
by area of largest engine component among the 
following: inlet diffuser, compressor, com- 

bustor, turbine, sind afterburner (where 
applicable). 


Inlet diffuser specific 
weight flow 


Corrected weight flow of diffuser divided by 
diffuser frontal area. 


Turbine design 
specifications 


Turbine- inlet temperatiare, blade tip speed, 
and blade hub- tip radius ratio. 


Turbine-limited specific Corrected weight flow through corntpressor as 
weight flow limited by turbine, divided by turbine fron- 

tal area. 


Turbine performance Con^iressor pressure ratio and txirbine-limited 

specific weight flow obtainable with single- 
stage aerodynamlcally limited turbine. 

Turbine specific Weight-flow capacity of turbine divided by 

weight flow turbine froatsLL area. 

The following symbols are used in this report: 

A frontal area of any engine con 5 >onent, sg. ft 

a* critical velocity of sound, ft/sec 

C ratio of cooling air to compressor mass flow 

f fuel- air ratio 

g acceleration due to gravity, 32.174 ft/sec^ 

J mechanical equivalent of heat, 778.164 ft-lb/Btu 
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K loss factor 

L loss In turbine except for whirl loss, Btu/lb 
Mcj Mach nuittber relative to rotor at Inlet 
p’ stagnation pressure, Ib/sq ft 

r radius , ft 

T' stagnation tenperatinre, °R 
U blade speed, ft/sec 

V velocity, ft/sec 

tangential component of velocity, ft/sec 
Vjj axial component of velocity, ft/sec 

W velocity relative to blade, ft/sec 

w weight flow, Ib/sec 

B ratio of stagnation to standard presstire, p'/2U6 
1 ] efficiency 

ram recovery 

turbine adiabatic efficiency for zero exit whirl 
Q ratio of stagnation to standard temperature, 1T'/518.4 
CT turbine blade hub centrifugal stress, Ib/sq in. 

T ratio of blade tip to root cross-sectional area 

Subscripts: 

AB afterburner 

B ccanbustor 

C compressor 

h hub or Inn er radius 
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1 radial position at which tangential velocity head times mass flow 
equals total exit-whirl loss 

T turbine 

t tip 

1 diffuser inlet 

2 ccmpressor inlet 

3 combustor inlet 

4 turbine stator inlet 

5 turbine rotor inlet 

6 txirblne exit 

7 mixing-zone inlet 

8 diffuser inlet 

9 afterburner inlet 

10 afterburner exit 


CO 


free stream 
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APPENDIX B 


TUEBINE-EXIT WHIRL 

Turbine Efficiency wi-th. Turbine-Exit Whirl 

For a specific set of values for the turbine design variables j the 
variation in turbine-exit whirl has little effect upon the inlet I&ch 
number vector diagrams along the blade span, because the tinrbines ana- 
lyzed are designed for an assigned inlet relative Mach number at the 
hubj but the whirl does Increase the blade turning angles and the exit 
Mach numbers, both relative and absolute. According to Alnley and 
Mathleson (ref. 15), when exit relative Mach numbers are increased be- 
tween that exit Mach number at which sonic local velocities occur on 
some portion of the blade and an exit relative l>fe.ch number of 1, the 
profile loss may either rise or fall. Hierefore, since for the present 
analysis turbine- exit whirl can have little effect on the Mach numbers 
at the turbine inlet, and since experimental results of reference 15 
seem to Indicate that with proper design the profile loss might be held 
constant with tiorbine-exit whirl, calculations were made to determine 
the turbine adiabatic efficiency over a wide range of the turbine-exit 
whirl parameter for blading losses Invariant with exit whirl. The energy 
associated with the exit whirl was cormidered dissipated and chargeable 
to the adiabatic efficiency. The results of these calculations for a 
zero-whirl adiabatic efficiency of 0.83 and for two values of the inlet 
whirl parameter are presented in figure 10. As is evident from the 
figure, initial Increments in the exit-whirl parameter result in a 
greater percentage Increase in the turbine specific work output than in 
the total losses charged to the turbine, while later increments in the 
exit-whirl parameter have the opposite result. These circumstances are 
indicated by the successive rising and falling of adiabatic efficiency 
with increasing values of exit-whirl parameter. For a value of the exit- 
whirl parameter g of -0.410, the adiabatic efficiency with 

exit whirl is equal to the value without exit whirl, regardless of the 
value of inlet-whirl parameter V _ ^/U. . Thi s point is designated by 

the break-even point in the figure. 

Since reference 15 left the question open as to whether, in a 
specific instance, the profile loss would rise or fall with increasing 
values of the exit whirl, fuurther confutations were undertaken in an 
attempt to explore the effects of losses on efficiency. In these com- 
putations, the blading losses were expressed by L = (K/gJ)SW^ as in 
reference 16, in which the constant of proportionality was considered 
invariant with exit whirl. The adiabatic efficiency was then computed 
for zero exit whirl with an assumed efficiency of 0.83 for a value of 
the exit whirl parameter g of -0.41. Hie results are pre- 

sented in the following table; 
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Turbine tip 

Turbine- inlet 

Turbine hub -tip 

Turbine adiabatic 

speed, U,| 3 , 

temperature, T', 

radius ratio. 

efficiency for 

ft/sec 

°R 

"■hAt 

zero whirl, t]^ 

1100 

2000 

0.55 

0.846 



.75 

.849 


3500 

0.55 

0.840 



.75 

.841 

1700 

2000 

0.55 

0.866 



.75' 

.869 


3500 

0.55 

0.852 



.75 

.854 


The zero-exit-whirl efficiency computed in this way increases with in- 
creased tip speed and decreased temperatiire, and has maximum and minimum 
values of 0.869 and 0.840. Thus, for the complete range of turbine 
design variables considered herein, the variation of the zero-exlt- 
whlrl efficiency from that for g = -0.41 is between 1.0 and 

3.9 percentage points for a blading loss varied with the exit velocity 
relative to the rotor. 

Experimental results presented in references 15 and 17 give the 
effects of exit relative Mach number, Reynolds number, and turning angle 
upon the profile, loss coefficient. From these results it may be con- 
cluded that the profile loss coefficient increases with Increased tiorning 
angle but that the coefficient decreases with increasing Reynolds number 
and exit relative Mach number. An increase in the exit-whirl parameter 
corresponds to an increase in the turning angle, because the specific 
work is increased. In addition, the Reynolds number and the relative 
Mach number increase because of the increased velocity and the increased 
density due to the higher specific work and compressor pressure ratio. 

An inspection of the data referenced indicates that, for the analysis 
of the present report, the increases in .the Reynolds nud exit relative 
Mach numbers influence the loss coefficient considerably more than the 
increased turning angle, with ^e result that the profile loss coeffi- 
cient would decrease as the exit whirl is changed frcm zero to some 
prescribed amo\mt. At least it seems consearvative to assume a constant 
profile loss coefficient.’ ' . . 


Minimum Turbine Blade Chords for Axial Choking 

The turbine rotor reaches, an axial .choking condition when the axial 
Mach number immediately inside, the rotor blade passage at the trailing 
edge is 1. The corresponding exit axial Mach number (outside the passage) 
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is less than 1 "because of the area change due to the tralUng-edge block- 
age. The "blockage is dependent upon the ratio of the blade tr ailing-edge 
thickness to the .spacing, which can in tvirn be related to the chord, 
trailing-edge thickness, and solidity. Reference 18 shows that, for 
typical ciirrent turbine rotor blade designs operating at limiting Mach 
number, the exit axial critical velocity ratio is approximately 0.70. 
However, since the resxilts of reference 18 are limited to turbines with 
small amounts of tirrblne-exit whirl, which influences the turbine-exit 
density and therefore the change in axial Mach number as the gases leave 
the turbine, further calculations were made to Justify the lose of this 
value of axial critical velocity ratio for the amount of whirl used 
herein. Since the blockage is dependent upon Hie chord, the Tirtninnim 
permissible chords for Vy^,6,i/^ “ -0.410 and the extremes of the com- 
binations of tvurbine design variables were computed with an assximed exit 
axial critical velocity ratio of 0.7 and a trailing-edge thickness of 
0.070 inch. This trailing-edge thickness is a reasonable valije for cool- 
ing the trailing edge. Tip solidities of 1.1 and -1.5 were used to cover 
the range expected for future designs. Hie results of these computations 
are as follows: 


Ihrbine 

tip 

speed, U.J., 
ft/sec 

Turbine- 

inlet 

tenperature, T!, 
°R 

Turbine hub- tip 
radius ratio, 

V-t 

Minimum turbine rotor 
blade chord, 
in. 

Solidity =1.1 

Solidity =1.5 

1100 

2000 

0.55 

0.8956 

1.221 



.75 

.9381 

1.279 


3500 

0.55 

0.8341 

1.137 



.75 

.8477 

1.156 

1700 

2000 

0.55 

1.156 

1.576 



.75 

1.264 

1.723 


3500 

0.55 

0.9670 

1.319 




.75 

1.017 

1.386 


The Tnln-tTmrm chords are between 0.8341 and 1.264 inches for a tip sol- 
idity of 1.1 and between 1.137 and 1.723 Inches for a tip solidity of 
1.5. These chords are lower than most present designs for turbojet 
engines. In addition, it is shown in reference 19 that increasing the 
blade chord lengths is desirable for high turbine- inlet temperatures in 
order to reduce the coolant-flow req,uirements . 


Rotor Blade Turning Angles 

Tb.e rotor blade t\rrnlng angles were computed at the rotor blade 
hub (where the greatest amo\int of turning occiars ) for the extreme com- 
binations of the turbine design variables to determine whether exces- 
sive turning occtjts. Hie calculations were made from the turbine design 
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velocity vector d 1 agrams with a procedure analogous to that outlined in 
appendix E of reference 10. The results are presented in the following 
table: 


Turbine tip 

Turbine- inlet 

Turbine hub- tip 

Rotor blade 

speed, U. , 

temperature, T', 

radius ratio. 

turning angle at 

ft/sec 

°R 

^hAt 

hub, deg 

1100 

2000 

0.55 

89.6 



.75 

98.2 


3500 

0.55 

73.8 



.75 

79.8 

1700 

2000 

0.55 

119.4 



.75 

132.4 


3500 

0.55 

99.3 



.75 

109.8 


The may i mum turning angle of 132.4° occurs at the lower turbine- inlet 
tenqjerature . As the ten 5 >erature is Increased, the turning aingle is 
decreased. 
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APPENDIX C 


ASSUMPTIONS AND CONSTANTS 

Inasmuch as the resTilts and procedures of reference 10 were used 
In the present report, the following assumptions of that reference also 
apply to the turbine analysis herein: 

(1) Simplified radial equilibrium 

( 2 ) Free- vortex blading 

( 3 ) Use of density at mean radial position for computing weight flow 

( 4 ) Stagnation temperature invariant with radial position at tiJr- 

bine entrance 

( 5 ) Hub, mean, and tip radii at turbine exit equal to respective 

values at turbine entrance 

(6) Constant value of 4/3 for ratio of specific heats 

In addition to the fctregoing, the following assumptions were em- 
ployed in this tvirbine analysis; 

( 7 ) Adiabatic flow through turbine rotor 

(8) Work done by turbine on cooling air between compressor inlet 

and tips of turbine blades equivalent to work required to 
compress cooling air to compress or- outlet stagnation 
temperature 

( 9 ) Mechanical friction and work required by accessories negligible 

( 10 ) Pressure head associated with tangential component of turbine 

absolute efflux velocity dissipated by struts that secure 
tail cone, and resiilting loss charged to t-urbine adiabatic 
efficiency 

( 11 ) No effect of cooling- air efflux from turbine blade tips on 

turbine work or adiabatic efficiency (ref. 20 and unpub. 
data) 

In calcxilating the maximum specific weight mass flow of the com- 
pressor, the following ansimiptions were lnposed: 
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( 12 ) Use of simplified radial equilibrium in analysis of flow at 

inlet to first compressor rotor (as recommended in ref. 21 
for first approximation of conditions in an axial-flow 
t'urbomachlne ) 

( 13 ) Computation of weight flow; thro\:igh coEipressor inlet at mean 

radial position 

( 14 ) Use of solid-body-rotation guide vanes in compressor- inlet 

analysis 

The following additional assinnptions were in^osed on the pertinent 
components: 

( 15 ) Constant value of 4/3 fx3r ratio of specific heats in combiistor 

analysis 

(1 6 ) Variation of comb-ustor pressure ratio with inlet Mach number 

and temperature ratio according to experimental loss char- 
acteristics of typical low- loss turbojet combustor of ref- 
erence 13 

(17) Entrance of combustion gases and cooling air into zone down- 

stream of turbine in which mixing occurred at same static 
pressure 

(18) Constant flow area in mixing zone for combustion gases and 

cooling air 

( 19 ) Constant-area conibustion section in afterburner^ as in ref- 

erence 14 , 

( 20 ) Friction and flame-holder losses in afterburner eqiial to inlet 

dynamic head, as in reference 14 
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Th.e f ollcfwing values of constants were emgployed. herein: 


Compress or -inlet htib-tip radius ratio 0.4 

Compressor adiabatic efficiency 0.83 

Compressor rotor- inlet relative Mach number at blade tip .... 1.1 

Compressor-inlet axial critical velocity ratio at hub 0.7 

Ratio of combustor inner radius to turbine tip radius 0.25 

Combustion efficiency 0.95 

Combustor reference velocity limit, ft/sec 150 

Turbine adiabatic efficiency 0.83 

Turbine- inlet relative Mach number at hub 0.8 

Turbine-exit axial critical velocity ratio 0.7 

Afterburner combustion efficiency 0.88 

Afterburner- inlet velocity, ft/sec 500 

AfteThTorner-exit stagnation temperatiire, 9 r 3500 

Afterburner diffuser efficiency . ...0.85 

Afterburner flame-holder drag coefficient 1.0 
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TABLE I. . - TABULATION OP RESULTS 


(a) Turbine blade tip epead U^, 1100 feet per aecond) afterburner reference velocity Vjjbf 500 feet per eecond. 
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TISLS I. - Ccxitlrmed. T15ULATX0H OF RESULTS 

(b) Turbine blAde tip speed 1500 feet per second; afterburner reference velocity 500 feet per aeoond. 
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TABLE I. - CorttlnueU. TABULATION OF RESULT8 


(c) Turbine blade tip speed 1500 feet per second; afterburner reference velocity 500 feet per second. 
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TABLE 1. - Concluded. TAEOLATK^f OF RBSULTS 

(d) Turbine blade tip speed 1700 feet per seooivly afterburer reference velocity 500 feet per second. 
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Figure 2. - Effect of turbine design variables cai turbine performance. Coolant- 
flow ratio, 0; turblne-eiit whirl parameter g -0.410; turbine adiabatic 

efficiency, 0.83. 
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Figure 4. - Effect of coolant-flow ratio on turbine performance for range of turbine 
design variables. Turblne-exlt whirl p^^raInete^ ^U, -0.410; turbine adia- 

batic efficiency, 0.83. 
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(a) Turbine-Inlet temperature, 2000° R, 



Figure 5. - Comparison of stresses resulting at various turbine performance levels 
for two coolant-flow ratios. Turbine-exit whirl parameter -0-410; 

ttirbine blade taper ratio, 0.40; turbine adiabatic efficiency, 0.83. 
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Compressor specific weight 
flow for inlet axial critical 
velocity ratio 2 /^ of 1 


32 1 

1000 


Compressor "blade tip speed, ft/ sec 


Figure 6. - Effect of compressor "blade tip speed on 
compressor specific weight flow for aerodynamlcally 
limited compressor with solld-"body-rotatlon veloc- 
ity distribution. Inlet axial critical velocity 
ratio at hub 2 > inlet relative tip 

Mach number 2 t^' compressor-inlet hub-tip 

radius ratio (rj^/r+)Q, 0.4. 
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Primary burner larger 
than tairblne in 
frcaital area 


ms 










Turbine blade 
tip speedy Uj. 


(a) Turbine-inlet temperature, 2000“ R. Inlet diffuser and compressor smaller 
than turbine in frontal area for all points. 


-Inlet diffuser larger 
than turbine in 
frontal aj?ea 


vVVv 


i^Con^ressor larger 
y than turbine in 

^ frontal area 




Primary burner larger 
than turbine in 
frontal eu?ea 


Turbine blade 
tip speed, Uf. 


Turbine hub 
tip radius 
ratio. 


Compressor pressure ratio, P 3 /P 2 

(b) Turbine-inlet temperature, 3500° R. Afterburner larger than turbine in frontal 
area for all points . 

Figure 7. - Limitations on turbine design specif loatlons due to relative engine- 
component frontal areas. Coolant-flow ratio, 0; turbine-exit whirl parameter 
'^u 6 l/^i> -0-410; turbine adiabatic efficiency, 0.63. 
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Turblne-llmlted specific vfelght tlow; ’ comtuator reference velocity Vb 
not more than 150 ft/sec 


o 

•p «> 

■H ^ 
<D H 

S'-' 


O >1 



o 

s 


26 h 


r*(l) Based on front^^area of largest oomponerit; combus- 
Englne specific/ tor reference velocity Vg not more than 150 ft/seo 
weight flow 

on turbine . frontal area; oonbuator reference | 
velocity V-Q that re<lulred for equal-sized tur- 
bine and combustor 






(a) Turbine blade tip speed, 1100 feet per second. 

Figure e. - Effects of Increaalng reference velocity limit on engine specific weight flow 
and combustor pressure ratio for nonafterburning engine. Coolant-flow ratio, 0; tiirblne- 
exit whirl parameter ^u, g,l/Ui, -0.110} turbine ^Wiabatio efficient 0.63; combustor 
Inner radius to turbine tip radius ratio (z'ji/rt)B, 0.25. 
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Turbine-limited speciric weight flow; ccmbufitor reference velocity Va 
not more than ISO ft/seo 

r(l) Based oa frontal area of largest oosponent; eombus- 
Englne specifics tea? reference velocity Vg not more than 150 ft/eec 

weight flow l(ll) Based cti turbine frontal area; combustor reference 
velocity Vfi that reQulred for eQual-slzed turbine 
and. combustor 

Turbine-inlet temperature, Ti* 

2000 





4> i>» .6 

a 4> 

P at 

o 


Turbine hub-tip radius ratio, r^r^ 

Cb) Turbine blade tip speed, 1500 feet per second* 

Figure 8. - Concluded. Effects of Increasing combustor reference velocity limit on engine 
specific weight flow and combustor pressure ratio for nonafterburning engine. Coolant- 
flow ratio, 0; tiirbine-eilt whirl parameter ’-0.410; turbine adiabatic effi- 
ciency, 0.83} combustor Inner radius to tiirblne tip radius ratio ®*2S. 
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Turblne-llmlted specific weight flow; combustor reference velocity Vn 
not more than 150 ft/seoj afterburner reference velocity V^b, 500 ft/seo 

1 (I) Baaed on firantal area of larifcest component; combustor 
j reference velocity Vg not more than 150 f^eeo; 

Engine specific/ afterburner reference velocity Tin* 500 ft/sec 

weight flow 1 

KII) Baaed on turbine frontal area; combustor reference 

velocity Vb and afterburner reference velocity Vj^g. 
those required for equal-sized turbine, combustor, 
and afterburner 
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Turbine hub-tip radius ratio, r^y/r^ 


(a) Turbine blade tip speed, 1100 feet per second. 

Figure 9. - Effects of increasing afterburner reference velocity limit on engine specific 
weight flow and afterburner pressure ratio for afterburning engine. Coolant-flow ratio, 
0> turblne-exlt whirl parameter Vu,6,i/Ui, -0.410; turbine adiabatic efficiency, 0.83; 
afterbumer-exlt temperature, 3500? R. 
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Turbine hub-tip radius ratio, 


(b) Turbine blade tip speed, 1500 feet per second. 


Figure 9. - Concluded. Effects of Increasing afterburner reference velocity limit cti engine 
specific weight flow and afterburner pressure ratio for afterburning engine. Coolant- flow 
ratio, 0; turbtne-eilt whirl parameter -O.eiO; turbine adiabatic efficiency, 

0*83; afterburner-exit temperature, 3500<? R. 
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Flgiire ID. - Vaxlatlon of turbine adiabatic efficiency with 
turbine-exit whirl parameter. Turbine adiabatic efficiency 
for zero exit whirl, 0.83. 


KACA-Lingler - i-ti-Si - S50 





i 

I 



I 

I 


